Introduction
Participatory sensing [1] , citizen science [2] , crowdsourcing [3] and volunteered geographic information (VGI) [4] are closely related concepts, which refer to the involvement of the general public with, e.g., scientific activities [5] . Over the past few years, citizen science and participatory sensing have gained momentum [6, 7] , partly driven by the democratization of smartphones and mobile applications [8] . Through data acquisition, labeling, interpretation or analysis, citizens can contribute valuable geospatial data in various application domains related to ecological research [9] , environmental monitoring [10] and Earth observation [11] . Land cover mapping has largely benefited from citizen science and VGI [12, 13] , all the more since open and free satellite imagery and online maps are increasingly available [5] . See et al. [14] underline that current land cover products are not accurate enough for many applications and that better and more accessible validation data are needed to improve them. The Geo-Wiki platform, by Fritz et al. [15] , is successfully providing a large quantity of crowd-sourced samples for global land cover mapping [16] or accuracy assessment of a global forest mask [17] . In other studies, VGI was combined with satellite images for mapping [18, 19] , to augment image time series [20] or to assist forest monitoring in the context of REDD+ [18, [21] [22] [23] (Reducing Emissions from Deforestation and forest Degradation in developing countries and the role of conservation, sustainable management of forests and enhancement of forest carbon stocks). Forest mapping [24] and monitoring [25] are natural applications of participatory sensing, especially in communities where forest plays an important socio-economic role.
Billions of people are influenced by forests that provide them with food, energy and shelter. In 2015, forests covered four billion hectares (ha) globally (30.6% of the total land area) according to the Global Forest Resources Assessment 2015 [26] of the FAO (Food and Agriculture Organization). Deforestation, mainly the conversion of tropical forests to agricultural land, caused an annual reduction of 7.6 million ha of forest between 2010 and 2015. Taking into account afforestation and natural expansion, the annual net loss over the same period was around 3.3 million ha for all forest areas and 6.5 million ha for natural forests [26] , with the largest losses in South America and Africa. Forests have a large influence on climate change, as they absorb and store about 650 billion tons (Gt) of carbon in total. The Kyoto protocol and the United Nations Framework Convention on Climate Change (UNFCCC) request all member countries to regularly assess and report national greenhouse gas emissions in order to control their carbon footprint. Globally, carbon stocks are decreasing each year by about 0.3 Gt due to deforestation caused, e.g., by illegal logging in many tropical countries. Curbing deforestation and evaluating how forests affect the carbon cycle and climate change [27] requires efficient, continuous and worldwide monitoring of forest biomass. Remote sensing imagery can provide continuous coverage with high temporal and spatial resolutions , especially since the opening of the Landsat archive [28] and the first Sentinel satellites of the Copernicus programme. In order to process large amounts of satellite imagery into sensible global biomass maps, in situ reference data are increasingly needed for training and accuracy assessment of biomass mapping models. A report by the Global Forest Observation Initiative [29] on the use of Remote Sensing in national forest monitoring identified that many countries suffer from a lack of in situ calibration and validation data for biomass estimation. Reference forest inventory data need to be up-to-date, representative of the underlying tree population and to describe accurately the forest variables of interest at geo-referenced locations. Forest inventory tasks are currently carried out by professionals using field observations. Field inventory is based on sampling to limit the costs, which depend mainly on the intensity of the field work and number of observations. Because field work is expensive, forest inventories result in restricted spatial and temporal coverage, with updates every five or ten years.
Forest inventories often include the basal area (BA) attribute, since it is easily measured at a point location and provides a fast means for the important stem volume and forest biomass estimations [30, 31] . Basal area is the cross-sectional area of the trunk (in m 2 ) at the breast height of 1.3 m. The BA of trees at a given location is conveniently measured in the field as a density measure (in m 2 /ha) with a relascope, a device that relies on Bitterlich sampling [32, 33] . Several techniques to automate or facilitate forest inventory measurements have been developed. Various types of dendrometers, including the laser relascope, were surveyed in [34] . Terrestrial laser scanning (TLS) was used for automatic measuring of forest inventory parameters, including tree height and tree diameter at breast height (dbh) [35] [36] [37] , basal area [38, 39] and forest structure and biomass [40] , with good accuracy on basal area estimations [39] . However, TLS is expensive, not easily portable and requires an expertly-trained operator. Terrestrial photogrammetry in digital optical images was used in [41] to reconstruct tree stem surface, but the technique requires several cameras.
The proliferation of smartphones and the rise of citizen science can provide frequent, fast and inexpensive in situ observations to support forest inventory and mapping. Abd-Elrahman et al. [42] used geo-referenced data gathered by volunteers to augment forest inventory data. Butt et al. [43] showed that volunteers can provide accurate tree height and tree diameter measurements in relation to carbon stock estimates. Pratihast et al. [22] used mobile devices for community-based REDD+ monitoring in Vietnam and showed that local communities can provide data with comparable accuracy to expert measurements for estimating tree counts and forest disturbance.
Häme et al. [44] presented the Relasphone concept in 2010, a digital relascope for mobile phones to collect in situ basal area and forest biomass measurements in a cost-effective way. Automatic image processing was investigated by Molinier et al. in 2011 [45] , and the interactive Relasphone application (http://www.relasphone.com) was released for free. Since then, similar smartphone apps have been proposed, such as MOTI for professional foresters and Trestima, a commercial application developed in 2012 that sends images to a server for automatic or semi-automatic processing [46] . To our knowledge, Relasphone measurements are the only ones that were extensively tested versus reference forest inventory plot data in two different biomes-boreal zone in Finland [47] and temperate zone in Durango, Mexico [48] -then combined with satellite images to produce maps of growing stock volume (GSV) or aboveground biomass (AGB). This article improves the description of datasets and methods from both conference papers [47, 48] , extends accuracy assessment (including a comparison with the results of Trestima in Finland) and presents new results in Mexico since [48] with forty more plot measurements by two users instead of one. An extensive discussion on the relevance of Relasphone for citizen science and Earth observation is also included.
Study Sites and Datasets
The Relasphone concept was developed and first demonstrated in mixed boreal forests of southern Finland in 2010 [44, 47] . The successful methodology was then extended and applied in 2014-2015 to a different biome, in temperate mixed forests of Durango, Mexico [48] .
Boreal Mixed Forest Site in Southern Finland

Study Area and Reference Forest Inventory Plot Data
The Finland study site is located in Hyytiälä (61 • 50 42 N, 24 • 17 11 E, at 135-198 m above sea level); see Figure 1 . The Hyytiälä Forestry Field Station has been used in various forestry-related remote sensing studies [49] [50] [51] because of its long-term, up-to-date and detailed inventory plot data that covers over 25 ha of mapped forests. Dominant tree species are Norway spruce (Picea abies (L.) Karst), Scots pine (Pinus sylvestris L.) and birches (Betula pubescens Ehrh., Betula pendula Roth). A detailed description of the Hyytiälä forest site is available in [52] and a map of forest site types in [53] .
The reference data in this study were measured between 2006 and 2010. Each standing tree has observations of species, diameter at breast height (dbh), status of the crown and the 3D coordinates in the global UTM35N system. The tree positions were retrieved by combining 2D field trilateration and triangulation, using photogrammetric positions (LiDAR and aerial images) of treetops (representing trunks) as a network of ground control points, as in [54] . The tree positioning accuracy of trunks had a standard deviation of 0.2 m-0.4 m in eastings and northings coordinates, at the 95% confidence level. The accuracy was better for young or small trees than for old trees with a round or sparse apex. Table 1 summarizes the statistics of the main stand variables estimated from forest plots in Finland. 
In Situ Mobile Phone Data Preparation and Acquisition
In June 2010, two foresters selected and prepared 54 locations within the 23 reference forest plots in Hyytiälä, to account for various combinations of tree species mixture, tree dimensions, stand density (occlusions of trees in the background), understory vegetation density and terrain slopes. The selection aimed at providing a realistic benchmark for method testing close to operational conditions. Stand development class ranged from seedling to mature stands and the chosen locations also covered variations in forest fertility site types [55] ; see Figure 2 . Table 2 shows basal area, mean dbh and tree species proportions in the 23 plots from which the 54 locations were selected. The total area of reference plots was always over 0.2 ha and up to 1 ha. The 54 locations within these plots were chosen such that the relascope (with a default relascope factor [33] of 1 m 2 /ha) would see all reference trees plus a buffer, to avoid border effects at the boundaries of the reference plots. (Table 2) , dominant tree species and forest fertility site type [55] .
Each location was marked in the forest with a pole to guide and control later in situ data acquisition by another person, so that mobile phone measurements could be easily compared with reference basal area measurements at the exact same location. The absolute coordinates of the poles were retrieved by triangulation using 10-20 nearby trees, to increase accuracy. The average positioning accuracy of poles was 0.16 m in both easting and northing coordinates, which is far better than the expected 0.75 m-2 m accuracy of differential GNSS (Global Navigation Satellite System) under canopy [56, 57] or that of a mobile phone GNSS [58] . Each selected location was checked for changes in trees (e.g., damages due to earlier storms or heavy snowfalls), as the oldest tree measurements were made in 2006. Reference basal area was measured from each of the 54 locations, standing at the corresponding pole in the forest, using the traditional relascope principle [32, 33] .
The first version of the Relasphone required acquisition of mobile phone images to be later processed interactively on a desktop computer. The imaging campaign was carried out 28-29 June 2010, during the growing season that occurs in Finland between early May and the end of September. The 54 previously-marked locations were visited by the first author, who had little background knowledge in forestry at the time. At each location, six or seven mobile phone images were acquired to cover the full 360 • panoramic view, for a total of 314 images; see Figure 2 . The images were acquired with a Nokia 5800 XpressMusic mobile phone, equipped with a standard 3.2-megapixel camera. Each image included geo-location information embedded in the image metadata.
Satellite Imagery
The optimal time window for forest remote sensing over southern Finland is in the beginning of July, when broad-leaved trees (mainly birch) exhibit fully-grown leaves. A cloud-free GeoEye image ( Figure 1 ) was acquired on 7 July 2010 over Hyytiälä, Finland, one week after the in situ data. The very-high resolution (VHR) image was geometrically corrected to the WGS84/UTM35N coordinate system, the same as the Relasphone measurements and forest inventory data. Radiometric correction was done with the simplified model for atmospheric correction (SMAC) algorithm [59] .
Temperate Forest Site in the State of Durango, Mexico
Study Area and Reference Forest Inventory Plot Data
The study area in Mexico is part of the Sierra Madre Occidental (SMO) mountain range in the state of Durango (Figure 3 ), which is the main timber source of the country. A large part of the forestland in Durango (4.9 million ha out of 9.1 million ha) is covered by temperate forest, at a mean elevation of 2650 m above sea level. Precipitation levels in this area average between 800 and 1200 mm per year, and frost occurs in winter due to low temperatures and humid winds [60] . Two-thirds of the total area (latitude: 107 • 11 W-104 • 20 W; longitude: 26 • 50 N-22 • 20 N) is covered by mixed and uneven-aged pine-oak forests (Pinus spp. and Quercus spp.). The area contains natural and managed forests (mainly selective logging for almost a century), resulting in an irregular spatial arrangement of trees and variations in the age structure of trees and stands [60] .
Permanent sampling plots SPIFyS (Sitios Permanentes de Investigación Forestal y de Suelos) were established in Durango during the winters of 2007-2011, following the methods in [61] . The 429 SPIFyS plots were located by systematic sampling (with some exceptions to avoid non-forested areas) on a grid of equidistant points separated by 3-5 km, depending on the orography of the area. The field data were collected using squared plots of a fixed size of 0.25 ha, measuring individually each tree in diameter at breast height (1.3 m above the ground level) and total height then expressed on a per ha basis, to allow for later comparison with density measurements (basal area) from the Relasphone. Biomass allometries and carbon content have been measured for the main pine species in the plot network [62] . The SPIFyS sampling plots have been re-measured at five-year intervals since the year of establishment.
The reference forest inventory data used in this study are a subset of 95 SPIFyS plots, from the 201 SPIFyS plots presented in [60] . The 95 SPIFyS plots are located UMAFOR 1005 and 1008 (Unidad de Manejo Forestal Regional or Regional Forest Management Unit), in the west part of Durango, Mexico; see Figure 3 . Table 3 shows descriptive statistics of the main stand variables in these 95 plots. The plots used in this study were located in Regional Forest Management Units (Unidad de Manejo Forestal Regional (UMAFOR)) 1005 and 1008. Example cell phone images of the reference Pinus cooperi plots in Durango are shown in Figure 4 . The images were not used to compute basal area, unlike in the Finland case. 
In Situ Relasphone Measurements
The 95 Durango plots located in UMAFOR 1005 and 1008 ( Figure 3 ) were visited in March-April 2015. Basal area was directly measured in situ with the Relasphone mobile app, and reference plot data were re-measured simultaneously at the same locations, to avoid temporal discrepancies in the data sources before comparison. In each plot, independent observations were made by two users, to assess the consistency of Relasphone measurements.
Satellite Imagery
Optimal acquisition dates for optical satellite images over Durango, Mexico, are either right before or right after the rainy season that runs from June-October. A cloud-free Landsat-8 image acquired on 10 May 2014 at Path 031/Row 044 was selected, covering all ground measurements made with the Relasphone in the UMAFOR 1008 region (Figure 3 ). Using VTT in-house software, the Landsat 8 image was ortho-rectified to a 15-m resolution DEM (continuous elevation model provided by the National Institute of Statistics and Geography of Mexico (INEGI)).The DEM was first filtered on a 5 × 5 window to minimize striping artifacts. Atmospheric correction was performed with the SMAC algorithm [59] . The corrected Landsat-8 image, Relasphone measurements and forest inventory data in Mexico were all in the WGS84/UTM13N coordinate system.
Methods
The Relascope Principle
The relascope, invented in 1948 by Walter Bitterlich [32] , is a widely-used device in forest inventory with variable radius sample plots [33] . In its most simple version, a relascope can be a stick with an opening gauge at one extremity. The ratio between the gauge diameter and the stick length defines the gauge angle for angle-count sampling. In the forest, the sample plot basal area (BA, in m 2 /ha) is measured at a given location by counting the number of tree stems with an apparent thickness larger than the opening gauge of the relascope, then multiplying by a form factor called the basal area factor BAF (or relascope factor) [33] . BAF typically takes values between 0.5 and 2, depending on the density of trees in the plot, and is linked to the length of the stick c by Equation (1):
Stem volume can then be obtained by multiplying BA with tree height and the basal area factor (BAF). The relascope being an optical fork, the ratio between the tree stem diameter d (for a tree within the angle-count plot) and the distance r between the standing point and the tree is the same as the ratio between the gauge diameter and the stick length. The relascope gauge angle α, under the far-range assumption (α ≈ tan(α)), is linked to the relascope factor BAF by Equation (2) [33]:
These basic principles are common to many relascope designs [34] , and can be applied in digital images acquired from a mobile phone camera.
Application of the Relascope Principle to Digital Cameras
The central projection geometry of cell phone cameras allows to apply the relascope principle. The angle gauge of the relascope is related to the width of the opening and the distance between the eye and the gauge. In the case of digital images, the angle gauge depends on the image width in pixels and the camera field of view FoV , which relates to the sensor size and the focal length of the lens. Slight deviations from the technical specifications can occur for sensor size or focal length. The phone camera FoV was measured using simple trigonometry principles assuming a pinhole camera model, with a target of known width W and at a distance D from the camera; Equation (3):
This simple measurement method for the camera FoV can easily be reproduced by non-experts with any flat target, for example a wall. The current version of the Relasphone app includes a simple built-in calibration procedure to calculate the camera FoV and set the size of the relascope gauge.
Relasphone: A Smartphone Application for Forest Basal Area Measurements
The Relasphone [47] is a free forest measurement app for Android smartphones that implements the digital relascope, augmented with metadata and computed forest variables. The app does not require professional training and has been designed to be as easy as possible to use, with short introductions for each measurement phase. Users can easily gather in situ forest inventory data, including basal area, tree species, tree height and age. Basal area is measured interactively, with the digital relascope gauge displayed on top of the image acquisition live view of the smartphone. Touch buttons are used to increment counters of trees appearing at least as wide as the gauge, for each tree species ( Figure 5 ). The computation of basal area at a given forest plot requires examining all trees that appear in the phone camera view when rotating 360 • around oneself (like with a traditional relascope). Figure 6 shows the digital relascope view for local tree species in Durango, Mexico. The Relasphone app is available on Google Play Store http://play.google.com/store/apps/details?id=fi.vtt.socialforest. The Relasphone enables instantaneous and in situ computation of forest biomass estimates (aboveground biomass AGB or stem volume), using suitable allometric equations involving basal area and stand dominant tree height [63] . In Mexico, this was done using allometric equations of the local tree species [62] , that considered a single dominant height by plot for every tree species, grouped by genus (18 Pinus spp. and 54 Quercus spp.).
Accuracy Assessment
Relasphone basal area measurements and stem volume estimates were compared to reference forest inventory data for accuracy assessment, through linear regression. Accuracy measures included the coefficient of determination R 2 , absolute and relative root mean squared error (RMSE and RMSE(%)) and absolute and relative bias (BI AS and BI AS(%)); Equations (4-6):
with y i the observed values from reference forest inventory andȳ their mean,ŷ i the Relasphone measurements and n the total number of measurements; all sums are for i = 1 . . . n.
Combining Relasphone Measurements with Satellite Imagery for Biomass Mapping
Satellite images can be combined with in situ data to produce maps of forest variables [64, 65] , such as growing stock volume (GSV) or aboveground biomass (AGB). Growing stock volume, defined as the total stem volume of all living trees per unit area (m 3 /ha), is often used as a predictor of carbon-related variables such as aboveground biomass [66] . Two simple methods were used to produce GSV and AGB maps from spatially co-registered in situ measurements and satellite images.
In Finland, the model was first computed from stand-level reference data, then transferred to a finer segment level using the Relasphone measurements for fine-tuning. The approach was based on segmentation of the GeoEye image, followed by k-means clustering and target variable estimation with the probability method [67] . Häme et al. [65] described the methodology in more detail. The Relasphone basal area measurements were used as reference data, to fine-tune the value assigned to each segment of the GeoEye image.
In Mexico, a linear regression analysis between Relasphone measurements and spectral bands of the Landsat-8 image was performed to predict aboveground biomass; Equation (7):
with AGB the aboveground biomass, N the number of bands, β the intercept, α i , i = 1 . . . N the regression coefficients, B i , i = 1 . . . N the spectral bands (predictor variables) and a normally-distributed random variable with zero mean and constant variance, representing noise. Landsat-8 Bands 1-8 (N = 8) were included in the regression analysis. Sequential forward selection (SFS) was used to reduce the number of bands in the model. The size of plots used in the AGB model was implicitly the size of the reference forest inventory plots (0.25 ha), even if only Relasphone measurements (with a corresponding variable plot radius) were used in training the model.
Results
Relasphone Biomass Measurements versus Reference Forest Inventory Plot Data
Using the measurement protocol described in Section 3.2, the camera field of view of the mobile phone used in the Finland site was measured at FoV = 52.12 • . Knowing the camera FoV, the size of the digital relascope gauge was computed, assuming a 3.7-mm focal length according to the technical specifications of the phone lens. The corresponding digital relascope gauge was overlaid on acquired in situ photographs, using a desktop interactive tool [47] to compute basal area in each of the 54 locations over 23 field plots in Hyytiälä, Finland. Relasphone basal area measurements were then compared to reference basal area from forest inventory data for accuracy assessment; see Figure 7 . The scatterplots for each tree species include the linear regression line and 95% confidence interval. Table 4 presents the goodness of fit statistics between Relasphone basal area measurements and reference forest inventory data. The fit was equally good with pine and spruce (R 2 = 0.75, with RMSE = 5.33 m 2 /ha and RMSE = 6.73 m 2 /ha, respectively), and almost as good with birch (R 2 = 0.71, RMSE = 4.98 m 2 /ha). The regression of the total basal area was not as good (R 2 = 0.46, RMSE = 7.92 m 2 /ha), although RMSE(%) = 29.66% was moderate. The mean relative bias between the Relasphone measurements and reference basal area, as reported in [47] , was excellent for spruce (−0.8%), good for pine (−7.9%) and in total (+4.1%), but worse for birch (+43.2%); see Table 5 . In Mexico, basal area was measured directly in situ with the Relasphone app, which comes with a simple calibration tool to estimate the camera field of view and set the relascope gauge accordingly. Two users visited all of the field plots and independently measured basal area with the Relasphone. After removing outliers and missing Relasphone measurements for either observer, measurements from 92 plots out of 95 initial plots (Table 3) were compared with the reference forest inventory data. Figure 8 shows the scatterplots between Relasphone-based stem volume estimates and reference stem volume from forest inventory data, for each tree species in the Durango site in Mexico. For the 92 plots, goodness of fit statistics between Relasphone-based stem volume estimates and reference forest inventory data are given in Table 6 . The best fit between estimated and reference stem volume was obtained with the dominant species Pinus spp. (R 2 = 0.87-0.88) and total stem volume (R 2 = 0.87). The corresponding RMSE was in the order of 32 to 37 m 3 /ha, for a range of stem volume from 23-528 m 3 /ha ( Table 3 ). The fit was significantly lower with Quercus spp. (R 2 = 0.5-0.57) and worse for other coniferous (R 2 = 0.34-0.35) and broad-leaved (R 2 = 0.44-0.47) species. Measurements performed independently by the two users were consistent, with a good agreement on all measures in Table 6 . Relative error on total basal area varied almost the same for both observers (RMSE 1 (%) = 17.21 and RMSE 2 (%) = 18%). 
Satellite Biomass Maps Using Relasphone Observations
In situ biomass reference data can be combined with various types of optical satellite imagery (e.g., VHR, Landsat, Sentinel-2) to produce biomass maps. Figure 9 shows a GSV map obtained from the GeoEye image and the Relasphone data collected in Hyytiälä, Finland. Figure 10 presents the AGB map created from the Landsat-8 image using Relasphone stem volume measurements as the reference data. This map is comparable to the AGB map in [60] , produced with reference forest inventory data over the same UMAFOR 1008 region. 
Discussion
Quality of Relasphone Measurements
Relasphone Measurements versus Reference Forest Inventory Plot Data
In Finland, pine and spruce basal area measured with the Relasphone were in good agreement with reference forest inventory plot data (Figure 7 , Tables 4 and 5 ). However, birch basal area was over-estimated (+43% relative bias on basal area; Table 5 ), which could be explained by two phenomena. Birch trees in the selected plots were relatively thinner than other trees, increasing the likelihood to appear at the limit of the relascope angle gauge, which determines whether or not to include the tree in basal area computations. Furthermore, reference plots were measured up to four years before the Relasphone measurements took place. The annual basal area growth is 1%-4% in the forests examined and was not taken into account when comparing Relasphone measurements with the reference data. Assuming a 3% annual growth rate in basal area, the missing growth effect could account for up 12% overestimation in plots with the oldest measurements (3-4 years before Relasphone measurements). The effect could be more pronounced on birch plots because those plots contained younger trees growing faster and because birch plots accounted for a smaller part of the total basal area; there were only three birch-dominated plots among the 23 reference plots ( Table 2 ). There was a slight positive bias for total basal area (4.1%), which in part could be due to the missing growth. Finally, outliers were not cleaned before linear regression between Relasphone measurements and reference data on the Finland site, which contributed to decreasing the accuracy.
In Mexico, Relasphone-based stem volume estimations for Quercus spp., other coniferous and other broad-leaved species were not as good as with Pinus spp. or total stem volume ( Figure 8 ). This was likely due to the allometric equations linking basal area measurements to stem volume [62] , which were supported by a single height by plot, the dominant height of Pinus stems. Independent measurements performed by two users were consistent with one another; see Table 6 . This result suggests that the Relasphone can provide reliable and consistent measurements with more users.
The Mexican users reported in [48] that the Relasphone has "a great data acquisition capacity in forest stands with presence of gaps" and a "good sensibility to changing conditions within a forest stand". They think the Relasphone is a "good working tool, from the operational point of view". It is noted that the app cannot fully replace traditional forest inventory yet, since very accurate dendrometric measurements are required for forest inventory in Mexico. The Relasphone can however contribute to filling the spatial and temporal gaps in in situ data availability, especially since the app is available for free.
Relasphone Measurements versus Other Forest Mensuration Methods
Relasphone measurements can also be compared with other forest mensuration methods. Stand basal area estimates by the laser-relascope [38] have a better relative error of 2% compared to the traditional relascope [39] , after correcting for tree occlusions, which was not done for Relasphone measurements in Finland. Yao et al. [40] reported R 2 = 0.66 (lower than the Relasphone results in Finland) for plot-level basal area estimation with TLS, but a slightly better agreement for biomass (R 2 = 0.85), similar to the best results for pine and total stem volume in Mexico. The accuracies of the commercial forest inventory app Trestima was reported on 25 plots from another site in southern Finland [46] . The relative RMSE for Relasphone-based total basal area in Finland (RMSE(%) = 29.66%; Table 4 ) was comparable to that of Trestima (19.7%-29.3%) and slightly better in Mexico (RMSE(%) = 17.21%-18%). The relative biases on basal area measurements for spruce (BI AS(%) = −0.8%), pine (−7.9%) and in total (+4.1%) ( Table 5 ) were significantly lower for the Relasphone than for Trestima (respectively +7.8%, +16.8% and +15.2%). However, for broad-leaved trees (mainly birch), the Relasphone (BI AS(%) = +43.2%) did not perform as well as Trestima (+11.2%). This may be partly due to the challenging nature of birch-dominated plots selected in the Finland study site.
Quality of Relasphone Measurements as VGI Data and Geo-Location Issues
Several studies point out that not only quantity [68] , but quality of volunteered geographical information (VGI) is crucial [69] [70] [71] . The overall quality of Relasphone measurements was good in both sites, but can be improved for birch in Finland and Quercus and other non-dominant tree species in Mexico. For basal area in forest inventory, low bias is more important than low RMSE. Since measurements were made at the plot level, it is expected that accuracies would improve by averaging into variables at the stand level (0.5 ha-10 ha), which is the scale usually considered in forest management. Further tests with more measurements involving citizens will be performed in the future to consolidate our results, as there can be quality discrepancies between data collected by experts and non-experts [72] . The ambition is to maintain or even increase the quality of the forest mensuration data acquired by the Relasphone as the number of users grows. If large in situ datasets of good quality can be collected, the concept is expected to be a very cost-effective and flexible solution for substantially enhancing the availability of forest area in situ measurements and observations, required to support the remote sensing-based Copernicus Land Service, forest management planning and a wide range of forest and environment-related surveys. Accurate and frequent reference data are beneficial also to local, regional and national stakeholders involved in decision-making or business activities in environmental stewardship and forest management. The concept would also facilitate local communities to become aware of the current state of their forests.
Geo-localization of images can be a challenge; we have observed geo-location inaccuracies of 20-50 m from mobile phone GNSS under the canopy of Finland. This corresponds to 1 or 2 pixels in Landsat images and between 2 and 5 pixels in Sentinel-2 images. In order to minimize this issue, smartphone apps could be used in predefined locations of known coordinates to collect in situ data, as was done in the two sites in this study. When used outside forest inventory plots by citizens, locations of known coordinates could still be pre-determined in the same fashion as geocaching games [73] , for example. Maps showing the locations of the desired measurements could be provided by scientists for citizens to visit in situ. Online communities with a wide user base, such as Geocaching [73] or the Geo-Wiki platform [15] , could support these types of activities. Another solution to increase geo-location accuracy is to wait at the measurement location up to 20 minutes [57] . This would however negate the main benefits of smartphones compared to traditional forest inventory, mainly the speed and ease of measurements. In the longer term, the accuracy of GNSS under canopy could improve along with future upgrades in GNSS and smartphone technologies.
Considerations on the Quality of Mobile Phone Sensors
Because the Relasphone is an interactive tool that does not acquire or process photographs, the quality of the phone camera is not critical for basal area estimation. Screen resolution is slightly more relevant when comparing the size of the angle gauge with the diameter of each tree. Limit cases are solved with the assistance of the zoomed view, as shown in Figure 5 . Overall, the quality of Relasphone measurements is not directly affected by the quality of the smartphone or its camera, or only marginally in a rare number of occurrences. The Relasphone was designed to be able to operate even on mid-to low-range smartphones, not necessarily requiring the best phone cameras available. The rationale for this design choice was that not every citizen could afford the most expensive mobile phones, especially in the developing countries where participatory in situ measurements are perhaps needed most.
Relevance of the Relasphone for Citizen Science
In both study sites, data acquisition was easy and fast when compared to reference forest inventory data and relatively reliable. In Finland, Relasphone measurements were carried out by a user who had limited knowledge of forestry and was sent alone to his first field trip in a forest that he visited for the first time. Maps and precise localization of the desired observations were provided by experienced foresters, who did not however take part to the actual data acquisition. In Mexico, Relasphone measurements were collected by two self-trained Mexican users from the UMAFOR 1008 Forest Management Unit. Although the users have a background in forestry, they received only short instructions remotely on the basic logic of the Relasphone app, and the acquisitions were made with no further training. We hypothesize that these conditions were close to those of a real-world citizen science measurement campaign, where non-experts collect data without necessarily receiving individual or extensive training.
Even though the in situ data reported in this study were acquired by a scientist and forestry experts, it is expected that similar results can be obtained with citizens, since the application is easy and straightforward to use for non-specialists. We are looking forward to connecting with networks of citizen scientists willing to use the Relasphone. In order to get citizens more involved with Relasphone measurements, several strategies can be adopted in the future:
• Local communities should be involved, from nature enthusiasts to school students. This was not easily feasible in the Mexican study site due to the remote location of the plots and hilly terrain. Forests located closer to large cities or in more accessible terrain can more easily bring locals to take part in such citizen science measurements. In more remote locations, approaches such as geocaching games [73] could be used, targeting nature-enthusiast citizens. • In Finland, the network of small forest owners has a natural interest in utilizing the application, and private forest owners are often local to their forest of interest during summer. • Gamification or "serious games" appear to be one of the most efficient ways to engage and attract users for taking part in citizen science projects [74] .
Relevance of the Relasphone for Earth Observation and Forest Biomass Mapping Worldwide
In situ data collected with the Relasphone were successfully combined with VHR ( Figure 9 ) and Landsat ( Figure 10 ) optical satellite images to produce growing stock volume and aboveground biomass maps, respectively. The results clearly demonstrate that the Relasphone concept is sound and can provide reliable reference forest biomass data. Other satellite images can be combined with Relasphone measurements, including Sentinel-2 or even synthetic aperture radar (SAR) images.
Presently, field data for forest inventory and management plans are collected by forestry professionals, but it can be foreseen that by combining citizen science, satellite imagery and UAV data (Unmanned Aerial Vehicle), the principal material for forest management plans of acceptable quality can be collected without professional foresters' work on the field. Such opportunity could significantly increase the area coverage of forest management plans, particularly in countries where funds for forest inventory are limited [48] .
The Relasphone concept can be easily applied for other purposes that require similar information on a wider scale or with frequent updates, in combination with remote sensing imagery. The users of this category include the non-governmental organizations (NGOs) that are concerned about nature conservation and illegal cuttings, the European Commission that will fund EU-wide land cover mapping and the FAO that conducts global survey of forest resources, for instance.
Applicability of the Relasphone in Tropical Regions
This study also demonstrated that the Relasphone has easily been adapted to different biomes (boreal and temperate zones), terrains (flat low-elevated and mountainous), tree species (including mixed and uneven-aged plots) and to forests with different management practices. This suggests that the Relasphone could also perform well in tropical regions, in locations where the undergrowth vegetation does not prevent visibility of the tree stems at breast height.
Tropical forests pose additional challenges due to the many tree species and the associated allometric equations. When using a stand model to estimate volume, tree species can be grouped by genus. This was done in the Mexico study site for 18 Pinus spp. and 54 Quercus spp., where tree species of the same genus have similar growth patterns. Grouping of tree species by genus through the allometric equations for AGB estimation has also been successful in tropical forests of Southeast Asia [75] . In Vietnam and Indonesia, the genus-specific equations for two genera improved the accuracy of AGB estimates compared to allometric equations for mixed-species equations [75] .
If tree species are not known or allometric equations cannot be used to estimate volume or biomass, basal area can still be measured for any tree. The inaccuracies would increase when converting to GSV or AGB. When basal area is well known for a certain area, we can assume that the annual increment of GSV (forest growth) can still be quantified in that area.
Magnabosco Marra et al. [76] carried out measurements and AGB modeling of 727 trees, from 101 genera and 135 species in Brazilian tropical forests. Good individual tree model fits did not necessarily translate into reliable predictions of AGB at the landscape level. They concluded that predicting biomass accurately at the landscape level in very diverse and structurally complex tropical forests requires predictors that express inherent variations in species architecture, such as floristic composition and size-distribution variability of the target forest, and that these predictors are often unavailable or only in limited areas. Citizen science solutions like the Relasphone can contribute to improving the availability of such data.
A potential application of the Relasphone is the REDD+ process that will require the inventory of forest resources over wide areas in the tropical regions [48] . For instance, inexpensive smartphones with GNSS could be given to local populations in the developing countries, in exchange of measurements or photographs from the forests to support satellite image mapping. These activities would in turn serve the economy of the country through sustainable use of forest resources. A similar approach as Pratihast et al. [22] could be used to involve local communities in REDD+ monitoring activities. Once the Relasphone concept is successfully transferred to tropical forests with a sufficient participation of citizen scientists, it can dramatically change the way forest inventory, databases and management plans are produced globally and may lead to major cost reductions.
Future Research and Developments
The next step is to increase citizen engagement in the collection of Relasphone measurements from forests around the world, by applying gamification or in connection with existing citizen science networks. The Relasphone app will be modified to include custom allometric equations and tree species, allowing an easier and faster deployment anywhere in the world, without additional software modifications. The possibility to release the application as open source is also considered. The Relasphone app is currently being tested in stands of Pinus radiata and Pinus pinaster, in the northwest of Spain. We are open to scientific and technical collaboration in order to deploy and test the Relasphone in other areas of the world, especially in tropical regions where the availability of ground reference data for spaceborne forest biomass estimation is of the utmost importance [29] .
Conclusions
Citizen science can provide reference data for satellite image analysis. In this study, we presented the Relasphone concept, a free smartphone application to collect forest inventory measurements and in situ biomass estimates. The accuracy of Relasphone measurements was assessed by comparison with reference forest inventory plot data in two mixed forest sites, located in separate biomes-the southern boreal zone in Finland and the temperate zone in Durango, Mexico-with different tree species and forest management regimes. Results indicate a good agreement with reference plot data and consistent measurements when performed by two different observers. Basal area and stem volume measured with the Relasphone were used to compute biomass maps in Finland and Mexico from a GeoEye and a Landsat-8 image, respectively. The results validate the Relasphone app as a provider of reference training data for satellite image analysis. In the future, we will involve citizens across the globe in the data collection process, with a special focus on tropical regions.
